Two Chinese black cardamom oils (Amomum tsao-ko) were analyzed using GC and GC/MS and compared to 2 Indian cardamom oils from the species Amomum subulatum and Elettaria cardamomum, respectively. The main constituents of A. tsao-ko oils were eucalyptol, geranial, geraniol, trans-2,3,3A,7A-tetrahydro-1H-indene-4-carbaldehyde, (2E)-decenal, neral, and 4-indanecarbaldehyde. Special attention was given to the 1H-indene-carbaldehyes, which are frequently wrongly assigned in previous literature. A detailed odor evaluation of the oils was also carried out. In addition, composition variations of 28 main constituents of 8 E. cardamomum oils were investigated, taking various factors like origin, production methods, plant material, and drying stage into consideration.
commercially available. These products are normally obtained only from the seeds by removing the outer husk before processing.
Black, large, or false cardamom covers the species Amomum and Aframomum. 13 By far the most important species is Amomum subulatum Roxb., also known as Nepal cardamom native to the Eastern Himalayan region. [14] [15] [16] [17] India is the main producer followed by Nepal and Bhutan. In India, 85% of A. subulatum is cultivated in the Indian state of Sikkim but also partly the Darjeeling district in West Bengal, Assam, and Himachal Pradesh.
14 While large quantities of the spice itself are commercially available, the respective essential oil and oleoresin are hardly found.
The same applies for its Chinese relative Amomum tsao-ko Crevost & Lemarié. 13, 18 However, production volumes seem to be significantly lower and the capsule fruit is bigger compared to A. subulatum. 19 It is an important spice in many parts of China and also used in traditional Chinese medicine. 18 Chinese black or tsao-ko cardamom is widely distributed in the southwestern provinces of China like Yunnan and Guangxi, but also in the northern highlands of Vietnam and Laos. 20 In China 90% of the crop has its origin in Yunnan province.
While green cardamom (E. cardamomum) [7] [8] [9] [10] [11] [12] [21] [22] [23] and black cardamom (A. subulatum) from India [14] [15] [16] [17] [24] [25] [26] [27] [28] [29] [30] [31] are scientifically well investigated over the years, significantly less is published about Chinese black cardamom (A. tsao-ko). 18, [32] [33] [34] [35] [36] In addition, most publications have been published only in Chinese [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] and some compounds have been repeatedly wrongly assigned.
Here we report detailed analyses of 2 A. tsao-ko essential oils distilled from crushed whole pods originated from China and compared with 2 other cardamom essential oils from the species A. subulatum and E. cardamomum, respectively, both from India in terms of constituents and odor. In addition, E. cardamomum essential oils distilled from dried and fresh pods from India were compared with 3 commercial oils from India and Guatemala and a CO 2 extract from whole dried pods regarding main constituents (>0.2%) to investigate variations in this species.
All 4 cardamom essential oils were hydrodistilled under standard lab conditions using ground dried pods (for details see Experimental section). Yields ranged from 0.7% to 1.8% for A. tsao-ko and 0.9% to 1.5% for A. subulatum and up to 5.2% for E. cardamomum. The 4 cardamom oils A-D were analyzed by GC and GC/MS ( Table 1) . Constituents were identified by comparing their mass spectra with known compounds, published spectra, or the Symrise in-house library. 49 In all 4 cardamom oils A-D, a broad range of major, minor, and trace compounds were identified. Compounds >0.1% are listed in Table 1 . These constituents represent a total of 91.6% (A), 91.8% (B), 94.0% (C), and 97.7% (D), respectively. All 4 cardamom oils contained as a common feature high amounts (>20%) of eucalyptol (=1, 8-cineol 18, 20, 31, [33] [34] [35] 39, 45 However, one previous analysis reported very high levels of limonene together with other major compounds which were not present in our analysis. 25 Both oils contained very characteristic indane (=2,3-dihydro-1H-indene) derivatives: 4-indanecarbaldehyde (1) and 5-indanecarbaldehyde (2) and the respective dihydroindane compounds trans-and cis-2,3,3A,7A-tetrahydro-1H-indene-4-carbaldehyde (3/4) (Figure 1 ).
The indanecarbaldehydes 1 and 2 have been isolated and characterized in 1978 from A. tsao-ko. 50 The paper is published under the species name Amomum medium Loureiro, which is synonymous with A. tsao-ko. 50, 51 Nevertheless, especially compound 2 has been wrongly assigned in several publications as α-or β-methyl cinnamic aldehyde, 20,40 2-phenyl-2-butenal, 36 and 3-methyl-3-phenyl-2-propenal, 35 having the same molecular mass (M = 146) as 1 and 2. Also our MS-database showed α-methyl cinnamic aldehyde as a possible hit for 2. Re-isolation of aldehydes 1 and 2 confirmed the structural assignment published in literature (see also the "Experimental" section) with 3 distinct aromatic H-atom signals in 1 H-NMR for both 1 and 2. 50 The wrong assignment is probably linked to the different mass spectra of 1 and 2, especially the significantly higher [M-H] + peak of 2 compared with 1. While m/z = 145 is the base peak of (E)-α-and (E)-β-methyl cinnamic aldehyde, both 1 and 2 have m/z = 119 as the base peak. The mass spectrum of 2-phenyl-2-butenal is very close to aldehyde 1; however, the base peak is m/z = 115 compared to m/z = 117 in 1 and 2. Aldehydes 1 and 2 were most likely also present in A. tsao-ko oil from Vietnam, but were wrongly assigned here, as well as α-methyl cinnamic aldehyde. 52 The respective dihydroindane-4-carboxylaldehydes 3 (trans) and 4 (cis) have also been detected in an A. tsao-ko extract and synthesized by Starkenmann et al. 53 Also [34] [35] [36] [37] 41 in previous A. tsao-ko analyses, all having a molecular mass of M = 148, but mass spectra are far off from compounds 3 and 4. The cis/trans-ratio can vary depending on the interconversion of 3 into 4, as according to Starkenmann the cis-isomer 4 is more stable compared with the trans-isomer 3. 53 Oil A showed a trans/cis-ratio of 1.96:1 while B had a ratio of 2.92:1. Oil B had a higher amount of 3 and 4, but a lower amount of 1 compared to oil A.
Interestingly, to the best of our knowledge, the respective dihydroindane-5-carbaldehydes have not been described before in A. tsao-ko. Two unknown compounds showed high similarities in the mass spectra with 3 and 4. These compounds represent most likely the respective tetrahydro-1H-indene-5-carbaldehydes 5 and 6. However, the characterization is only based on mass spectra similarities and needs further verification by isolation and full spectroscopic characterization as only comparison of mass spectra can lead as shown above to wrong structural assignments.
The indane derivatives 1 to 6 are characteristic for A. tsao-ko and also comprise the structurally related compounds tsaokoin 54 and isotsaokoin 55 isolated from a CHCl 3 and a methanol extract, respectively. None of these indane derivatives 1 to 6 are present in the other 2 cardamom oils C and D from the species A. subulatum and E. cardamomum, respectively. A literature search confirmed that compounds 1 to 4 have to the best of our knowledge so far not been found in any other species. Therefore aldehydes 1 to 4 can be used as a species marker for A. tsao-ko probably independent of the growing region as they were found in oils from both China and Vietnam. 52 High levels of straight chain unsaturated aldehyde (2E)-decenal together with the presence of (2E)-decenol and (2E)-dodecenol and the corresponding acetates seem to differentiate A. tsao-ko further from the other 2 cardamom species.
The concentrations of eucalyptol, p-cymene, and indane-4-carbaldehyde (1) were lower while those of citral (geranial/neral), (2E)-decanal, (2E)-dodecenal, and trans-tetrahydroindene-4-carbaldehyde 3 were significantly higher in oil B compared with oil A. Citral variations described in literature before for A. tsao-ko were linked not only to fruit forms and therefore to genic variations, 20 but also to different growing regions. 40 Higher citral levels were also found in seeds compared with husk, 40 but as whole fruits were processed this factor is not relevant here. Fruits distilled for oil A showed indeed a more conical shape while pods used for B had an elliptic form. Composition differences of natural products can be caused not only by genetic factors 20 but by various factors like geographical origin, 40 harvest time, date and year, as well as abiotic (eg, climate/ weather, soil) and biotic factors (such as herbivores, parasites). However, we are unable to rule out any of these factors as both batches of pods were commercially purchased from different sources and the authors rely on the information obtained by the suppliers. A detailed analysis of additional minor compounds (<0.1%) from A. tsao-ko is shown in Table 2 . These 88 constituents represent only 1.7% to 2.0% of the total oil content and were detected in most cases in both oils A and B.
Amomum subulatum oil (C) showed the highest amount of eucalyptol (52.8%) of all 3 cardamom oils A/B-D. The following other main compounds (>1.5%) were detected: α-terpineol (8.2%), limonene (6.9%), β-pinene (6.3%), α-pinene (4.3%), 4-terpinenol (3.2%), and (E)-nerolidol (2.1%). This is in line with previously published analyses. 24, 56 Eucalyptol levels can go up to 86% 29 and some analyses do not show limonene at all or at very low levels. 30 This is not linked to the fact that whole pods and not just seeds were distilled as the husk does not contribute much to limonene levels. 57 Other than in the 2 Amomum species subulatum and tsao-ko which did not contain α-terpinyl acetate, this was the major ingredient in E. cardamomum oil D. The essential oil from dried pods D contained 44.8% α-terpinyl acetate followed by eucalyptol (27.9%), sabinene (3.1%), 4-terpinenol (3.0%), limonene (2.9%), geraniol (2.2%), and myrcene (1.7%). It is interesting to mention that besides α-, also δ-terpinyl acetate (0.3%) was detected. This compound was identified in laurel leaf oil, which also contained the combination of α-terpinyl acetate and eucalyptol, but in lower and opposite ratio. 58 The ratio of α-terpinyl acetate and eucalyptol can vary significantly depending on the variety of E. cardamomum. A detailed odor evaluation by our perfumers of the neat oils A-D on smelling strips is given in Table 3 . We used E. cardamomum oil D from whole pods as reference.
The oils from the 3 cardamom species gave a very characteristic odor profile. Although the A. tsao-ko oils (A) and (B) were slightly different from an olfactive point they could be clearly distinguished from oils C and D. Especially the smoky notes of both Amomum species A-C are interesting to mention as they were completely absent in green cardamom oil D. These smoky notes can be sometimes attributed to simple phenol derivatives. Besides carvacrol and thymol in oil A and small amounts of eugenol and derivatives a variety of simple phenolic compounds ( Table 4 ) are indeed present in both A. tsao-ko oils (A/B) as well as in A. subulatum oil (C) but not in E. cardamomum oil (D).
Such compounds can be either natural products or linked to smoky wood fires. 59 Zerihun et al describe that different wood fires gave very characteristic phenolic patterns. 59 Drying or curing in wood-fired houses is at least described for A. subulatum 17 and also for E. cardamomum. 10, 60 As the same compounds were detected in both Amomum species from India and China the likelihood that all 3 samples have been dried using smoke from the same wood is minimal and therefore these compounds should be most likely considered part of the natural minor compounds spectrum in these 2 species. However, further investigation is needed to prove this theory. It is worth mentioning that most phenolic compounds described here were found in various smoke flavors before 61 but also in birch tar oil, 62 which might be the reason for the odor reminiscence. In addition phenolic compounds are linked to antioxidant properties, which were described before in literature for both Amomum species subulatum 63 and tsao-ko. 32, 64 Nature sometimes harbors odor secrets even in wellknown products, and smelling fresh green E. cardamomum pods during our Scent Expedition to Kerala in India was one of these moments for our perfumers. Fresh green cardamom pods are normally harvested 3 to 5 months after flowering and converted by drying into the final spice product. 11 The odor of the oil from fresh green pods E was much rounder with less eucalyptol smell compared to the oil from dried pods D (Table 3 ). The odor differences were even more significant to commercial seed oils. However, the oil yield (<2.1%) from fresh green undried pods was also significantly lower compared with the oil from dry pods (<5.2%). To investigate this from a composition point of view we used our steam-distilled oil from dried pods D as a reference and compared it with an oil from fresh green pods E, 3 commercial steam-distilled seed oils of Indian F/G and Guatemalan H origin, and a CO 2 extract from dried pods I ( Table 5 ). This exercise also helped to understand the composition variability of E. cardamomum oils based on various factors like origin (India/Guatemala), production methods [steam distillation (lab/industrial scale)/CO 2 extraction], plant material (seeds/pods), and drying stage (fresh/dried). This picture is still simplistic as it leaves harvest time 11 and annual variations due to abiotic and biotic environmental factors out of the equation.
The 28 compounds listed in Table 5 represent between 94.6% (E) and 96.1% (D) of the total green cardamom oil. Cardamom oil D was used as a reference for comparison. Only compounds having an absolute composition difference (>0.7%) are listed in the text below to reflect differences between the oils. The small sample size does not allow a general statement but reflects only a variation snapshot.
The oil from fresh green cardamom pods E showed significantly lower eucalyptol and 4-terpinenol levels and higher amounts of α-terpinyl acetate, α-terpineol, geranyl acetate, and sabinene compared with D. 11, 65 These composition differences can explain the odor differences. The 2 Indian steam-distilled commercial oils from seeds F/G were very close in composition to each other with only minor differences in the 2 major ingredients. The analyses of E. cardamomum oils (F/G) are well in agreement with previous analyses. 66 The oils F/G, however, showed some differences to the lab-distilled oil D, which used whole pods and not just seeds. The commercial oils F/G contained lower amounts of eucalyptol, 4-terpinenol, α-terpineol, and geraniol and higher amounts of α-terpinyl acetate and linalyl acetate. The variances to the commercial oil from Guatemala H were even more significant 66 : eucalyptol, 4-terpinenol, geraniol, α-terpineol, and α-terpinyl acetate levels were lower but linalyl acetate, linalool, and (E)-nerolidol content was significantly higher in comparison to lab oil D from India. This picture does not change much by looking only at the commercial Indian seed oils (F/G) vs the Guatemalan seed oil (H): α-terpinyl acetate, eucalyptol, and 4-terpinenol amounts were lower and linalyl acetate and linalool content was significantly higher in the oil H from Guatemala. High levels of linalyl acetate are also found in oils from Sri Lanka 66 and Costa Rica 67 and recently in a study from Turkey, 68 but it stays unclear if the cardamom really originated from Turkey or was only purchased there. Literature shows that linalool and linalyl acetate levels may depend significantly more on the variety and genotype cultivated than on the country of origin.
11
The CO 2 extract I from whole pods gave lower amounts of eucalyptol, 4-terpinenol, geraniol, α-terpineol, limonene, linalool, geranyl acetate, and γ-terpinene but higher amounts of α-terpinyl acetate, trans-sabinyl acetate, and β-selinene in comparison to oil D. This picture changed slightly when the commercial Indian seeds oils F/G were compared to the CO 2 extract from whole pods I. Nevertheless here also significant differences were found despite the fact that some other compounds contributed to this: lower 4-terpinenol, limonene, geranyl acetate, α-pinene, myrcene, and γ-terpinene amounts were found in I but higher amounts of α-terpinyl acetate, trans-sabinyl acetate, and β-selinene compared to oils F/G. Our results are in contrast to previous investigations 69 where nearly no differences were found between a steam-distilled oil and a CO 2 extract.
From this small study of green cardamom it can be clearly seen that many factors contribute to variations in natural products, however, to a different extent.
In summary, despite the fact that most essential oils are well investigated they still hold many secrets worthy of proper analysis and discovery. Many places in the world still harbor real treasures 70 and some Asian spices are definitively belonging in this category. 1, 71 These spices, for example, both Amomum species, have not even reached the global flavor palette, 3 not to mention the fragrance industry, despite the fact that they are used as culinary ingredients in large quantities in their respective countries of origin.
1
In addition composition variations in natural products like those shown here for E. cardamomum and A. tsao-ko need to be seen more as fact than as burden. This is a neglected topic in a world targeting not only standardized synthetic aroma molecules but also standardized natural products like essential oils. If the trend for more naturalness continues as anticipated and consumers aim for real authentic natural products, education of customers and consumers is required to make them aware that such variations are a given in any natural product. 72 We should not forget that the chance for long-term survival of plants and other living organisms depends on such variations and is a prerequisite for the adaptability of a species to the environment and consecutively allows natural selection which can be the origin of new varieties and species. 73 
Experimental

General
GC/MS: Agilent 6890N GC (DB-Wax: 60 m × 0.25 mm × 0.25 μm film thickness, carrier gas He, 60°C-240°C at 3°C/ min) connected to Agilent 5975B quadrupole mass spectrometer, 70 eV (EI mode), mass range 25 to 550 amu. GC: Hewlett Packard 6890 with FID and sniffing port (for column and temperature program, see GC/MS). NMR spectra (δ/ppm, J/Hz) were recorded on a Bruker Avance III with 600 MHz ( 1 H-NMR) or 151 MHz ( 13 C-NMR) in C 6 D 6 and using TMS as internal standard. All solvents and reagents are commercial products (Merck) and were used as received.
Plant Material
Dried pods of A. tsao-ko were purchased at a spice market in Shanghai, China, and a traditional Chinese medicine retail store in Singapore. Both samples originated from Yunnan province in China according to the suppliers. Dried A. subulatum as well as dried and fresh E. cardamomum pods were obtained from Synthite Industries Ltd, Kolenchery, Kerala, India. Black Nepal cardamom A. subulatum had its origin in the North Eastern Indian state of Sikkim, while the green cardamom was harvested in Kerala state in Southern India. Fresh green pods were collected in the Idukki district of Kerala at an age of 3 months after flowering. All 3 commercial cardamom essential oils from India and Guatemala were sourced in India and France from different suppliers on the open market. The CO 2 extract was received from Ultra International Ltd, Ghaziabad, Uttar Pradesh, India.
Oil Isolation
Whole fresh and dried cardamom pods (100 g) were crushed by hand in a mortar and further ground in a commercial fruit blender followed by hydrodistillation in a Clevenger-type circulatory distillation apparatus 74 for 4 hours to yield the respective essential oils. Amomum tsao-ko A/B: yellow oil (0.7%-1.8%); A. subulatum C: yellow oil (0.9%-1.5%), E. cardamomum: dried-pods D: colorless to slightly yellow oil (up to 5.2%), and fresh pods E: colorless to slightly yellow oil (0.6%-2.1%). 
Spectral Data for 1H-
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